Photocouplings for the nucleon resonances most relevant to total photoabsorption are calculated in a constituent quark model including gluon and pion exchange. The sensitivity of the results to the different ingredients of the model is discussed.
Introduction
The structure and dynamics of hadrons have to be understood in terms of a theoretical description of strong interactions ultimately derived from the theory of quantum chromodynamics (QCD), but in a regime where the underlying QCD dynamics cannot be treated perturbatively. Thus, the complexity of hadrons requires the development of soluble models not only retaining the basic symmetries of QCD but at the same time also containing the relevant dynamical features of interacting quarks and gluons. Quark models, i.e. models where the effective degrees of freedom are massive quarks moving in a long-range confining potential and interacting through two-body forces, have been very successful in explaining spectroscopic properties of hadrons (see, e.g., refs. [1, 2] ). In fact, the basic SU(6) spin-flavour symmetry represents a stringent constraint on the classification of baryon resonances in terms of multiplets. Some residual interaction is then responsible for the ordering and mass splitting of baryon states.
In particular, according to the analysis of ref. [3] in the nonrelativistic constituent quark model (CQM) (see, e.g., refs. [4, 5, 6] and references therein) the residual interaction is identified with the hyperfine-like part of the nonrelativistic reduction of the one-gluon exchange diagram. It contains a contact and a tensor term arising from the interaction energy of two colour-magnetic dipoles. Other terms such as the spin-orbit part and the momentum dependent terms are usually neglected [7, 8, 9, 10] on the ground that momentum dependent terms are of higher order in the nonrelativistic reduction and the Thomas precession by the confining forces tends to cancel colour-magnetic spin-orbit terms. Indeed, there is spectroscopic evidence of small spin-orbit effects, while the hyperfine interaction plays an essential role giving rise to a (negative) charge radius for the neutron.
On the other hand, the spectra of the confirmed states of the nucleon and the Λ hyperon split into a low energy sector of well separated states without nearby parity partners, and a high energy sector with an increasing number of near parity doublets. This fact has recently been interpreted [11, 12, 13] as a piece of evidence that the approximate chiral simmetry of QCD is realized in the hidden Nambu-Goldstone mode at low excitation and in the explicit Wigner-Weyl mode at high excitation. As a consequence, at distances beyond that of spontaneous chiral symmetry breaking (0.2-0.3 fm) the appropriate effective degrees of freedom for the description of the baryon structure should be the constituent quarks with complicated internal structure and the chiral meson fields. Besides the central confining part of the quark-quark interaction one should then assume a chiral interaction that is mediated by the octet of pseudoscalar mesons between the constituent quarks. The perturbative gluon exchange interaction would become important only at length scales smaller than that of the spontaneous chiral symmetry breaking. This model leads to orderings of the positive and negative energy states in the baryon spectra which agree with the observed ones in all sectors [11, 12, 13] . The overall small spin-orbit splitting in the baryon spectrum can also be qualitatively explained by the absence of any spin-orbit component in the pseudoscalar exchange interaction.
The problem whether mesons should also be included among the effective degrees of freedom in the baryon dynamics was already considered in the literature [14, 15, 16, 17, 18, 19, 20, 21] . In particular, pion fields are introduced to restore chiral symmetry in the nonrelativistic quark model. They demand that pion exchange currents be included in order to account for partially conserved axial currents and electromagnetic current conservation [21] .
However, to understand the internal dynamics and to test different aspects of a model it is also necessary to gain information on the different components of the baryon wave functions. This can fruitfully be achieved in particular by looking at the electromagnetic form factors and the transition (helicity) amplitudes in electromagnetic excitation of the baryon resonances. A consistent analysis of the effects of gluon and pion exchange currents on the nucleon electromagnetic form factors has been done in refs. [22, 23] . Helicity amplitudes have been studied in a variety of models [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34] , but the excitation or decay of a baryon has always been assumed to proceed through a single quark transition even when considering three-body forces [35, 36] . Only in a few cases [18, 21] two-body currents arising from pion exchange have been considered.
A general feature of the results obtained for the helicity amplitudes is the possibility of reproducing the correct sign and the relative strength of the photocouplings for the majority of low-lying baryon resonances. The main discrepancies, apart from the otherwise puzzling Roper resonance, arise in the underestimated strength of the P 33 (1232), D 13 (1520) and F 15 (1680) states. These are the states mainly responsible for the three well known peaks in the total photoabsorption cross section [37, 38] corresponding to M1, E1 and E2 absorption, respectively [39, 40] . Therefore their good description is one of the first requests to any model.
In this paper the role of gluon and pion exchange currents is investigated with reference to the photon decay of the P 33 (1232), D 13 (1520) and F 15 (1680) resonances within the constituent quark model. In sect. 2 some features of the model are reviewed and the wave functions describing these states are defined. In sect. 3 the expressions for the two-body currents and details about the calculations are given. The results are discussed in sect. 4 and concluding remarks are presented in the final section.
Configuration mixing in the constituent quark model
In the CQM a baryon is described as a nonrelativistic three-quark system in which quarks interact via two-body potentials simulating the main features of QCD. In the case of three equal masses the Hamiltonian is given by
where m q = M N = 313 MeV is the constituent quark mass, P is the total momentum of the baryon and r i , p i are the spatial coordinate and momentum of the ith quark, respectively. The first three terms describe the intrinsic nonrelativistic free motion of the quarks including their mass. The fourth term is a two-body confinement potential, which is usually taken to have the harmonic oscillator form:
where λ i is the SU(3) colour matrix. With the expectation value
in a baryon, the relation between the oscillator frequency ω and a c is given by a c = 1 16 m q ω 2 . The oscillator spring constant is defined as b = h/m q ω ≡ α −1 . All together these terms (apart from the total rest mass) define the unperturbed Hamiltonian H 0 , while V res describes the residual interaction.
Introducing the new (Jacobi) variables
and their conjugate momenta
the unperturbed Hamiltonian H 0 separates into two independent oscillators with frequency ω:
The corresponding eigenstates are classified into multiplets according to the underlying SU(6) spin-flavour symmetry. They are labelled as |B 2S+1 X J π , where B = N, ∆ denotes the SU(3) representation (flavour octet or decuplet), 2S+1 X J is the usual spectroscopic notation [with X = S, P, D, . . . staying for L and J (S) for the total angular momentum (spin) of the state] and π = A, M, S indicates the symmetry type of the SU(6) states (antisymmetric, mixed and symmetric, respectively).
Configuration mixing is introduced by the residual interaction. As a consequence, in the 2hω configuration space the nucleon and the baryon resonances under study have the following expansion:
According to ref. [3] the simplest quark interaction is due to the nonrelativistic reduction of the one-gluon exchange, but usually only the spin-spin hyperfine interaction is retained. The expansion coefficients of the above configuration mixing are then obtained by diagonalizing the hyperfine interaction.
On the other hand, also pion degrees of freedom should play an important role. The one-pion exchange potential (OPEP) can be considered as the first term in the flavour structure of the chiral interaction that is mediated by the octet of pseudoscalar mesons, as proposed, e.g., in refs. [11, 12, 13] to account for the correct ordering of positive and negative parity states in the baryon spectrum. In fact, the one-pion exchange is the dominant residual interaction in the calculation of the ∆-N mass splitting and the neutron charge radius [22, 23] .
Different admixture coefficients are obtained by diagonalizing the total Hamiltonian containing the one-pion exchange potential as well as the whole one-gluon exchange potential. When only the hyperfine interaction without spin-orbit contribution is considered, the fifth state |N 2 P 1/2 A in the nucleon case is left uncoupled. In general, this is not the case for the total Hamiltonian here considered [22, 23] , but in a test calculation its effect was found rather small. Therefore, it will be disregarded in the following.
Many solutions to eq. (6) are available in the literature depending on the choice of the involved parameters. Some of them are reported in Table  1 for reference in the discussion of our results. Column KI refers to the mixing angles derived in the original Isgur-Karl model as quoted in ref. [32] and used, e.g., for the excited states in the calculation of baryon decays in ref. [26] . Column G is an almost equivalent configuration mixing obtained within the same model [41] but with a different choice of the parameters. Column WW is the corrected result of ref. [18] (as reported in ref. [22] ). A static pion exchange potential (including the zero-range OPEP) and a simplified colour hyperfine interaction were adopted in the diagonalization of the whole Hamiltonian. Columns B1 and B2 are the results of ref. [23] with and without OPEP, respectively. The whole Hamiltonian of ref. [23] includes a two-body confinement potential, the complete one-gluon exchange potential with spin-orbit terms and, when present, the one-pion exchange potential. In the latter the finite size of the pion-quark vertex was also taken into account. In the original model of ref. [22, 23] only the nucleon and the P 33 (1232) mixing coefficients were calculated. The coefficients in Table 1 for the D 13 (1520) and F 15 (1680) resonances are an arbitrary guess inspired by the fact that diagonalizing the whole Hamiltonian reduces the size of the larger coefficient of the baryon wave function in the expansion on the harmonic oscillator basis with respect to the case where the residual interaction is treated perturbatively. The rational for using this guess is to test the sensitivity of the results to configuration mixing.
The electromagnetic currents
As usual, the nonrelativistic one-body current is the sum of the convective and spin-magnetic terms, i.e.
where q is the external photon three-momentum and the ith quark has charge e i = 1 6
(1 + 3τ iz )e and magnetic moment µ i = ge i /2m q . An anomalous quark magnetic moment implies g = 1, but here g = 1 has been assumed.
The two-body current depends on the assumed baryon Hamiltonian. It is basically determined by gluon and pion exchanges between quarks. In the approach of refs. [22, 23] they are given by the following contributions
where m π is the pion mass, r = r i − r j , R = 1 2
The pion-quark cutoff mass Λ describes the size of the pion-quark interaction region. For Λ → ∞ the full δ-function interaction is recovered in the one-pion exchange potential.
Eqs. (8)- (10) describe quark-antiquark pair creation processes induced by the external photon with subsequent annihilation of the quark-antiquark pair into a gluon (gluon pair current) or a pion (pion pair current) which is then absorbed at the site of another quark. The pion pair current is divided into its isoscalar (IS) and isovector (IV) components. Eq. (11) describes the pionic current where the photon couples to the pion directly. Gauge invariance of the current operators is preserved up to the considered order 1/m 2 q in the nonrelativistic reduction [23] . The quark-gluon fine-structure constant α s was adjusted in refs. [22, 23] to obtain the correct ∆-N mass splitting through the relation f πN [42] . The model parameters derived in ref. [23] are summarized in Table 2 together with another option related to ref. [18] .
Since the isospin operator τ i · τ j cannot connect states with different isospin, the contribution of the isoscalar pion pair current to the excitation of the P 33 resonance vanishes identically. The operator J (9) and (10)) so that its contribution to the excitation of the other two resonances is anyway smaller than that of J IV πqq . In a test calculation this contribution also turned out to be much smaller than those coming from the other pieces of the current operator. Therefore, in the following J IS πqq will be neglected. The same test was performed with no configuration mixing on the pionic current J γππ , which is more involved because of the additional integration required. As already found in ref. [21] , this piece also gives a negligible contribution and will be disregarded. Consequently, the interaction Hamiltonian H int related to two-body currents becomes
where A is the external photon field and symmetry properties of the operators in eqs. (8) and (10) have been used. By considering the symmetries of the various matrix elements of H int , i.e. by also taking into account the symmetries of the baryon wave function, one finds that the exchange term in eqs. (8) and (10) equals the direct one. Therefore, the two contributions H gqq , H πqq actually involve just the direct term in eqs. (8) and (10) multiplied by 6 and can be written in terms of the Jacobi coordinates of eq. (3) as
By inspecting the isospin part of the SU(6) baryon eigenstates, it is possible to define some general selection rules on the transition matrix elements between the nucleon and the three considered resonances, P 33 (1232), D 13 (1520) and F 15 (1680). In fact, the isospin part both of the current operator and the baryon wave function is factorized and the spatial and spin structures of the proton and neutron wave functions are equal. Therefore, only the isospin transition matrix elements can produce different results. The SU(6) eigenstates with isospin I = 1 2 can be cast in two different kinds of states with mixed symmetry as
while the symmetric eigenstates with I = 
Here, u (d) denotes the isospin up (down) quark state. In the case of the transition to the P 33 (1232) resonance one deals with the isospin matrix elements S|T |M ρ , S|T |M λ , whereT = τ 1z , [ τ 1 × τ 2 ] z . From eqs. (16) and (17) it is easy to verify that for every piece of the current operator the matrix elements involving an initial neutron equal the corresponding ones with an initial proton. In the case of the transition to the D 13 (1520) and F 15 (1680) resonances similar arguments lead to the conclusion that the pion-exchange transition amplitudes with an initial neutron are opposite to the corresponding ones with an initial proton, because the involved isospin matrix elements are
The one-body and gluon-exchange operators will generally give different results.
Results
Calculations have been performed for the helicity amplitudes for photon decay of the three resonances which are most excited in total photoabsorption, i.e. P 33 (1232), D 13 (1520) and F 15 (1680). Analytical formulae are obtained for the contribution of the one-body current. A numerical integration over ρ is further required for the matrix elements of the two-body currents after some effort in reducing the analytical expression.
Let us first consider the one-body current only and the corresponding results for the calculated photocouplings shown in Table 3 . As usual, here and in the following a factor +i in front of all D 13 (1520) amplitudes has been suppressed. With the simplest assumption, i.e. the three quarks in the baryon in the lowest (0s) 3 harmonic oscillator state, the results are strongly dependent on the oscillator spring constant. In agreement with previous suggestions [24, 26] we choose α = 0.41 GeV = 2.0778 fm −1 . Thus, the helicity amplitude A p 1/2 for photon decay of the F 15 (1680) resonance to the proton is almost vanishing. The effects of configuration mixing are sizeable, particularly when also the nucleon ground state is mixed as can be realized by comparing columns KI and G1. The differences between columns G1 and G2 depend on the oscillator spring constant [41, 39] . The first choice (G1) is in agreement with the suggestion of refs. [24, 26] and gives mixing coefficients G similar to KI (see Table 1 ). The same mixing is used for G2, but the oscillator spring constant is fixed by the proton r.m.s. radius. The well known difficulty of simultaneously reproducing static and dynamic properties of the baryons is here confirmed and can be ascribed to a confinement radius (∼ 0.5 fm) much less than the nucleon r.m.s. radius. In any case, the best result (G1) clearly still underestimates the size of the photocouplings. The general trend is to make the comparison with experimental data worse than the results without configuration mixing.
In Table 4 results from a variety of differently related models are collected for comparison. SS [27] refers to the same nonrelativistic one-body current operator but with a more sophisticated (correlated) basis for the wave functions derived variationally in the frame of a flux-tube quark model [44] . Relativistic corrections to the transition operator have been introduced in refs. [28, 29] and refs. [32, 33] while keeping the Isgur-Karl model wave functions and in Table 4 the corresponding results are labelled LC and WPR, respectively. The results of the relativized quark model of ref. [30] are indicated by C. The photocouplings obtained in the algebraic approach of ref. [34] and with a hypercentral potential in a three-body force model [35, 36] are also given as BIL and Hyp, respectively. Since the helicity amplitudes calculated with the one-body current are dominated by the spin-flavour structure of the states [36] , it is not surprising that all the above models give qualitatively the same results.
Just to have an idea about the consequences of the results shown in Table  3 on some observables, one can calculate the total and backward cross sections for π 0 photoproduction. According to ref. [24] they are given in terms of the helicity amplitudes A J by
respectively. In eqs. (18) and (19) x and Γ are the elasticity and total width of the resonance of mass M R and the factor
corresponds to isospin I = , respectively. Apparently, according to the results shown in Table 5 configuration mixing does not help to improve the agreement with data and in any case the results are quite sensitive to the choice of the oscillator spring constant.
Let us now consider the effect of two-body currents. In Table 6 results are given for the photon decay of the P 33 (1232) resonance. The values labelled B1 and B2 are obtained using the configuration mixing and the model parameters of ref. [23] with and without taking into account pion exchanges, respectively. They are compared with results labelled WW and calculated with the configuration mixing and the model parameters taken from the simplified model of ref. [18] . For reference, the photocouplings calculated in ref. [21] considering pion exchange only and no configuration mixing are also shown. Quite similar results are obtained when performing a complete calculation irrespective of the model parameters (B1 and WW) or without configuration mixing but including OPEP (R). A dramatic effect comes in when switching pion exchange off as in B2. In order to illustrate this effect, the contributions to the helicity amplitudes coming from the different pieces of the electromagnetic current are separately shown in Table 7 with and without configuration mixing. Of course, the main contribution is always given by the one-body current. Its size is almost the same in the different cases showing that the results are stable when consistently using wave functions and model parameters. Gluon and pion exchange currents always enter with the opposite sign, as also noticed in refs. [22, 23] when calculating the charge and magnetic form factors of the nucleon. However, since the pionic current is quite negligible in the calculation of the photocouplings, the partial cancellation between the isovector pion pair and pionic currents found in ref. [23] for the magnetic moments does not occur here. As a consequence, the pion exchange contribution is rather large and its sign is responsible for the dramatic reduction effect on the size of the photocouplings. This leads to results in contrast with the quoted experimental values. The same effect was found in the simplified approach to the pion-exchange current contribution of ref. [21] with no configuration mixing. Configuration mixing reduces the size of gluon exchange and increases that of pion exchange, thus enlarging the discrepancy of the total result with respect to the experimental value. When pion exchange is neglected in the original Hamiltonian and the helicity amplitudes are consistently calculated within the model (B2 in Tables 6 and  7) values much closer to the data are obtained.
A similar analysis can be extended to the other resonances. However, in this case the mixing coefficients entering the wave functions have not yet been derived consistently within the model of refs. [22, 23] . As often done in the past, due to the lack of a better approximation we use the wave functions labelled G in Table 1 and calculated in the Isgur-Karl model. The results are shown in Table 8 with and without pion exchange currents (B1-G and B2-G, respectively). Also shown in Table 8 are results derived without configuration mixing (B1-(0s)
3 and B2-(0s) 3 , respectively) and with two other options of configuration mixing (B1-B1 and B2-B2) which are here proposed in Table  1 with an asterisk in columns B1 and B2, respectively. With the exception of the A 3/2 amplitudes of the F 15 (1680) resonance, similar results are obtained without configuration mixing and with the configuration mixing G. A much larger effect comes from reducing the weight of the dominant state in the expansion of the wave function, as proposed by options B1 and B2. Apart from the A As a consequence of the above results, the values of the total and backward cross section for π 0 photoproduction of Table 3 change to those reported in Table 9 .
Concluding remarks
The effects of including two-body currents in the electromagnetic transition operator have been investigated and photocouplings of some important nucleon resonances calculated. The model Hamiltonian for the baryons is based on the constituent quark model and includes gluon and pion exchange between quarks with parameters fixed in ref. [23] by fitting the mass spectrum. Different options of such parameters are available depending on whether configuration mixing and/or pion exchange are included in the model. The corresponding electromagnetic current operator satisfies gauge invariance within the adopted nonrelativistic approach.
Results for the photocouplings obtained with only the one-body current are more sensitive to the value of the oscillator spring constant b = α −1 than to configuration mixing. As previously observed in the literature, a value of b in agreement with the confinement radius gives much better results for the photocouplings than a value determined by the nucleon r.m.s. radius. However, the agreement with data is still only qualitative.
When including two-body currents the contribution of gluon exchange has the opposite sign to that of pion exchange. However, the size of the pionexchange contribution is much larger and pushes in the wrong direction with respect to data. This is at variance of what happens for the magnetic moments of the nucleon where the pion cloud gives only a small correction [23] . Configuration mixing even increases such discrepancy and better results are generally obtained when pion exchange is omitted in the original Hamiltonian. For the D 13 (1520) a warning is necessary because the recent results obtained by investigating two-pion photoproduction [45] shed some light on different mechanisms responsible for the second peak in the total photoabsorption cross section [46, 47] . When better understood, these mechanisms could well modify the experimental values of the D 13 (1520) photocouplings.
In conclusion, the present analysis and the persistent discrepancy with data illustrate the limitations of nonrelativistic models based on constituent quarks. Table 1 . Mixing coefficients for some baryonic states. KI from ref. [26] , G from ref. [41] , WW from ref. [18] (as reported in ref. [22] ), B1 and B2 from ref. [23] with and without pion exchange, respectively. Coefficients marked by an asterisk are a proposed guess. Table 2 . Quark model parameters with regularized one-pion exchange (Λ = 4.2 fm −1 ) and without pions (no π). The parameters in columns π (0s) 3 and no π (0s) 3 refer to no configuration mixing, in columns B1 and B2 to configuration mixing [23] . In column WW the parameters of ref. [18] are given together with the regularized one-pion exchange. Table 3 . The helicity amplitudes A J calculated only with the one-body current for photon decay into proton (p) or neutron (n) in units 10
3 without configuration mixing; KI with the configuration mixing quoted in Table 1 , but only for the excited states; G1 and G2 with the complete configuration mixing G as quoted in Table 1 Table 4 . The helicity amplitudes for photon decay in units 10 −3 GeV −1/2 . SS are results from ref. [27] , LC from ref. [29] , WPR from ref. [33] , C from ref. [30] , BIL from ref. [34] , Hyp from ref. [36] . Experimental values are estimates taken from the Review of Particle Data [43] . Table 5 . The total (σ T ) and backward (dσ/dΩ| θ=π ) cross section for π 0 photoproduction on the proton (p) and neutron (n). Notations as in Table  3 . Data as reported in ref. [24] . Table 6 . The helicity amplitudes for photon decay of the P 33 (1232) resonance in units 10 −3 GeV −1/2 . R is the result of ref. [21] ; WW, B1 and B2 are calculated with the configuration mixing and model parameters indicated by the corresponding labels in Tables 1 and 2 . Experimental values are estimates taken from the Review of Particle Data [43] . Table 7 . The helicity amplitudes for photon decay of the P 33 (1232) resonance in units 10 −3 GeV −1/2 . π (0s) 3 and no π (0s) 3 without configuration mixing and with the parameters quoted in Table 2 ; B1 and B2 with complete configuration mixing and parameters as quoted in Tables 1 and 2 . Experimental values are estimates taken from the Review of Particle Data [43] .
Contributions π (0s) Table 9 . The total (σ T ) and backward (dσ/dΩ| θ=π ) cross section for π 0 photoproduction on the proton (p) and neutron (n). Notations as in Table  7 . Data as reported in ref. [24] .
Exp π (0s) 
